As a result of modern technological advances, cataract surgery can be seen as not only a rehabilitative operation, but a customized procedure to compensate for important sources of image degradation in the visual system of a patient, such as defocus and some aberrations. With the development of new materials, instruments and surgical techniques in ophthalmology, great progress has been achieved in the imaging capability of a pseudophakic eye implanted with an intraocular lens (IOL). From the very beginning, optical design has played an essential role in this progress. New IOL designs need, on the one hand, theoretical eye models able to predict optical imaging performance and on the other hand, testing methods, verification through in vitro and in vivo measurements, and clinical validation. The implant of an IOL requires a precise biometry of the eye, a prior calculation from physiological data, and an accurate position inside the eye. Otherwise, the effects of IOL calculation errors or misplacements degrade the image very quickly. The incorporation of wavefront aberrometry into clinical ophthalmology practice has motivated new designs of IOLs to compensate for high order aberrations in some extent. Thus, for instance, IOLs with an aspheric design have the potential to improve optical performance and contrast sensitivity by reducing the positive spherical aberration of human cornea. Monofocal IOLs cause a complete loss of accommodation that requires further correction for either distance or near vision. Multifocal IOLs address this limitation using the principle of simultaneous vision. Some multifocal IOLs include a diffractive zone that covers the aperture in part or totally. Reduced image contrast and undesired visual phenomena, such as halos and glare, have been associated to the performance of multifocal IOLs. Based on a different principle, accommodating IOLs rely on the effort of the ciliary body to increase the effective power of the optical system of the eye in near vision. Finally, we present a theoretical approach that considers the modification of less conventional ocular parameters to compensate for possible refractive errors after the IOL implant.
INTRODUCTION
Nowadays, cataract surgery can be seen as not only a rehabilitative operation, but a customized procedure to compensate for important sources of image degradation in the visual system of a patient, such as defocus and some aberrations. The surgical treatment involves the extraction and replacement of the crystalline by an intraocular lens (IOL). This work overviews the recent advances in IOL calculation, design, and testing. It also points out some ongoing tendencies that are being analyzed through optical testing and clinical studies.
IOL POWER CALCULATIONS
Assuming the thin lens equation in first-order approximation, the IOL power ( P IOL ) can be computed from the difference between the vergence of the exit or image beam ( X ' ) and the vergence of the incident or object beam ( X ), that is, P IOL = X '− X [1] . This expression can be rewritten in terms of the refractive power of the cornea K , the distance between the corneal anterior vertex and the IOL, named the effective lens position ( ELP ), and the axial length of the eye ( ALX ), which is the distance between the anterior vertex of the cornea and the retina (Fig. 1 
HIGH ORDER ABERRATION COMPENSATION
The first models of the eye only considered spheres to describe all the optical surfaces operating in paraxial approach (first-order Gaussian optics). Despite its many limitations and simplifications, the Gullstrand four-spherical surface model [10] has been long used to generically describe the imaging optical design of the eye and, in this context, it has been also taken as an early reference to describe a pseudophakic eye implanted with an IOL. However, it is known that for the cornea, a conic surface model is more realistic. Ray tracing computations from corneal topographic data have permitted the characterization of the natural high order aberrations existing in the cornea [11] . On average, the cornea introduces significant amounts of aberrations into the optical system of the eye, mainly astigmatism, coma, and spherical aberration. These aberrations are compensated in part by internal optics, particularly the crystalline lens, so that total values measured for the optical system of the eye are lower than for the cornea alone [12] [13] [14] [15] . Regarding spherical aberration (SA), the average human cornea shows a prolate like shape that, in terms of the c [4, 0] Zernike coefficient, produces a natural positive SA of about 0.3μm for a pupil diameter of 6mm [16] . These facts led to a new design for the IOL that, analogously to the young crystalline lens, introduced opposite aberrations to that of the cornea. The initial proposal for the use of an aspheric IOL design [17] was renewed a decade later in the context of the compensation of corneal aberration and thus, the optical element (aspheric IOL) was manufactured and reached the surgical practice [18] , [19] . Numerous studies have compared the aberrations in eyes implanted with aspheric and spherical IOLs using theoretical analysis, experimental results obtained in eye models and postoperative results. While a better in-focus performance corresponds to the aspheric IOL, a significantly lower optical depth of field is obtained with this lens as well [20] . This effect becomes a disadvantage for those eyes whose accommodation capability turns out to be seriously affected after the implant (we will come back to this issue in Section 5).
Not only does the implant of an IOL require a precise calculation but also an accurate position inside the eye. Otherwise, the effects of IOL misplacements degrade the image very quickly. The effects of decentration and tilt of the IOL have been discussed in [17] and [19] based on theoretical models. Their impact on the imaging quality is more deleterious in aspheric than spherical [17] . Decentration of aspheric lenses is more critical than tilt [21] . In contrast to an aspheric IOL with negative SA designed to offset the positive SA of the average cornea, the so-called aberration-free IOL has no SA [22] . The latter has proved to be more resistant to decentration and tilt than the former, and still provides better image quality than spherical IOLs [23] , [24] . Between the aberration-compensating and the aberration-free IOLs, a variety of aspheric lenses with intermediate SA values are currently available for clinical practice.
In this line of research, a more recent design of IOL aims to correct the coma generated by the angular misalignments existing between the different optical components of the eye or, in other words, by the lack of a common optical axis. Coma-compensating IOL has been proposed in [25] taking into consideration off-axis conditions, a cornea with an average asphericity [25] , [19] , and the theoretical model eye described by Holladay et al in [19] .
MODEL EYES FOR IOL TESTING
New IOL designs need, on the one hand, theoretical eye models able to predict optical imaging performance and on the other, testing methods, verification through in vitro and in vivo measurements [26] , and clinical validation [27] . The literature shows a great variety of models of each component (cornea, lens) and from them models that describe the whole optical system of the eye. Many of them have been extensively reviewed in [10] , [28] and [29] .
As stated in [30] an imaging quality criterion for intraocular lenses should be related to the optics of the eye. The International Organization for Standardization (ISO) proposed a model eye with a cornea free of aberration so that any measured aberration would be due to the IOL [31] . But the ISO eye model was conceived before the introduction of aspheric IOLs. As described in Section 3, there are IOLs that are purposely designed with negative SA to compensate for the natural positive SA measured in normal human corneas. When these IOLs are tested in the ISO-based model eye, a paradoxical worse performance than for conventional spherical IOLs with positive SA is obtained. The current ISO standard is under revision [32] ; for the next edition, an eye model with an artificial cornea that would reproduce the level of the SA of the average human cornea is being considered. Some modifications of the current ISO eye model as well as a practical realization called "physiological model eye," with dimensions close to the natural eye have been proposed and analysed in [33] . An aspheric lens used as an artificial cornea is expensive and difficult to manufacture. Instead, a simple biconvex spherical lens of the same focal length and similar wavefront error can be advantageously used for the on-axis optical assessment of IOLs as it has been demonstrated in [34] .
An experimen [35] . provided by the parts of the IOL within the pupillary area that have the distance correction and, simultaneously at the same place, a somewhat blurred and scaled image is provided by the other parts of the IOL. The decrease in contrast of the in-focus image is caused by the energy distribution between the distance and near focus. The superposition of the infocus and out-of-focus images, of different scale, on the retina may lead to a rivalry or confusion, often associated with other unpleasant visual fenomena, such as glare and halos, in mesopic and escotopic conditions. This situation, however, can be overcome by the brain's capability to adapt itself to multifocality.
Two basic designs have been proposed to improve the performance of these lenses by directing different amounts of light to the distance or near images depending on pupil diameter [37] : the so-called refractive and diffractive multifocal IOLs. A refractive multifocal IOLs is a multizone multifocal lens, where the different concentric refractive areas have also different width. Recently, a refractive multifocal IOL with rotational asymmetry has been developed and introduced into clinical practice. Their performance is being evaluated and compared with already existing IOL designs [37] [38] [39] . A diffractive multifocal IOL uses the base lens curvature and the zero and first diffraction orders to simultaneously produce the two focal points [40] , [41] . While the power corresponding to the zero diffraction order is used to image distance objects, the other is used for near vision. An apodized diffractive profile, limited to the central area of the IOL, has been proposed to obtain an increasing distance-dominant performance for large pupils. According to its theoretical design, the apodized diffractive multifocal IOL varies the energy balance between the distance and near image as a function of the eye pupil [42] . In addition to this, some of these lenses have an aspheric base design that can be advantageous in comparison the conventional spherical one. There is a great interest to determine either in a test bench [43] , [44] or in clinical studies [45] , [46] the conditions and the degree to which the aspheric design in apodized diffractive multifocal IOLs might be advantageous versus a conventional spherical design, particularly when some studies have shown little or no benefit of aspheric IOLs with small pupils [47, [48] . For the assessment of the optical performance of multifocal IOLs, the common metrics (point spread function, modulation transfer function, and visual acuity) have to be measured [38] , [49] [50] [51] [52] and also its behaviour in terms of the energy balance between the distance an near images and its variation with the pupil diameter. Very recent studies carried out in an optical bench show a discrepancy between the theoretical prediction of the design and the experimentally measured energy distribution between the two foci in apodized diffractive multifocal IOLs [53] . For large pupils, the energy efficiency of the distance image is strongly affected by the level of SA, which was no predicted by the original design. For small pupils, there are no significant differences between the aspheric and the spherical multifocal IOLs .
A different approach for distance and near imaging aims to achieve an IOL's true accommodation function, which involves transient and reversible changes of two kinds: axial displacement of the IOL and/or increased optical power of the IOL [54] . Accommodating IOLs rely on the capability of ciliary body to keep its activity even after the extraction of the crystalline lens. The simplest design for accommodating IOL is a fixed-power single lens with a flexible haptic support system that permits axial displacements of the lens during the accommodative effort. Another design combines two lenses in one (dual-optic accommodating IOL [55] . It consists of a plus-powered lens in the front and a minus powered lens in the back that are joined by spring haptics. When the two lenses are close together, the eye should be set for distance vision. As the ciliary body contracts, this takes tension off of the zonules, the capsular bag relaxes and the lenses are allowed to spring apart. In this condition the eye should be set for near vision.
MOVING FORWARD
According to Olsen in [5] , despite the efforts to target IOL power calculations for a refractive prediction with an absolute error lower than 0.5D, about 90% of cases fall within ±1.0D and 99.9% within ±2.0D of their targets. Higher errors are obtained in long and short eyes and patients that have undergone prior CRS. The blur due to defocus establishes the narrowest limits for acceptability. The defocus associated with a refractive error ranging in absolute value from 0.5D to 1.0D has been classified from troublesome to objectionable (for a 5mm effective pupil and black letter targets) [56] . Consequently, some post-surgical refractive errors may require further neutralization. To this end, corneal ablation to modify the curvature of the anterior surface of the cornea can be effective. This is in fact the preferred option in many cases, but it is not always recommendable or even possible. For instance, many patients that currently need cataract surgery underwent corneal ablative surgery in their eyes some time ago. It is not unusual to find cases that are the result of a not very refined application of the ablation technique at its early stages, or cases for which the resulting corneal thickness would not admit a second ablation in safe conditions. A possible solution can be found in the use of light-adjustable IOL that is adjusted using safe levels of ultraviolet light [57] . After implantation, the lens power may be increased or decreased noninvasively by the application of the appropriate spatially resolved irradiation profile.
The modification of other ocular parameters to compensate for possible refractive error after the IOL implant has been analysed as a hypothesis in [8] . The analysis aims to determine which components of the eye would be the most advantageous to modify provided the necessary biocompatible materials were available. The preliminary results show that changes in the corneal refractive index, thickness or posterior radius of curvature have relatively little effect on the overall refractive error. However, small changes in the refractive indexes of the aqueous or the vitreous humors are highly effective, much more than a similar amount of change in the anterior curvature of the cornea. This fact opens new and attractive possibilities to compensate for defocus, through the introduction of changes in degrees of freedom that have been considered unconventional up until now. These results agree with the results formerly obtained by Atchison and Smith for the Gullstrand eye [10] . Although some questions arise concerning biocompatibility, stability, and drainage, the great progress experienced in the generation of new materials allows us to consider this proposal at the basis of promising upcoming techniques.
CONCLUSIONS
The recent developments of IOLs overviewed in this work show a very active multidisciplinary field of research with important implications in visual health care. The optical design is essential to optimize the optical imaging quality of an IOL, but at the same time, it requires the parallel improvement of some collaborative techniques: biological data acquisition through more precise instruments, eye modeling to obtain more accurate, complete and customized models of eye, new biocompatible materials with proper opto-mechanical features, more refined surgical techniques, and more complete methods for the evaluation post-operative results. The recent and future achievements obtained in this field of research will benefit not only patients suffering from cataracts, but a more general population with age over fifty whose eye lenses progressively lose transparency and the capability to accommodate.
